In Arabidopsis thaliana, a Histidine-to-Aspartate (His®Asp) phosphorelay is involved in the signal transduction for propagation of certain stimuli, such as plant hormones. Through the phosphorelay, the type-B phosphoaccepting response regulator (ARR) family members serve as DNA-binding transcriptional regulators, whose activities are most likely regulated by phosphorylation/dephosphorylation. Based on the fact that this higher plant has 11 type-B ARR family genes, we clarified the expression profiles for all of their transcripts in plants. We constructed and characterized a series of transgenic lines, each carrying a given ARR-promoter::GUS transgene. Transcripts of some type-B ARR family genes were detected more or less ubiquitously in many organs tested, while others were expressed predominantly in reproductive organs. These ARR family members were phylogenetically classified into three sub-families, the largest of which includes the wellcharacterized ARR1, ARR2, and ARR11. Comparative studies were conducted focusing on ARR20 and ARR21, each of which is a representative member of an uncharacterized minor sub-family. A set of transgenic lines was constructed, in each of which a C-terminal DNA-binding domain lacking the N-terminal phospho-accepting receiver of a given ARR was aberrantly overexpressed. These resulting transgenic lines, including ARR14-C-ox, ARR20-C-ox, and ARR21-C-ox, showed characteristic anomalies during development. These results are discussed with special reference to the His®Asp phosphorelay signal transduction in A. thaliana.
Introduction
Results of recent intensive studies suggested that the Histidine-to-Aspartate (His®Asp) phosphorelay in Arabidopsis thaliana is involved in the signal transduction mechanisms underlying propagation of certain environmental stimuli and plant hormones including cytokinin (for recent extensive reviews, see Hutchison and Kieber 2002 , Hwang et al. 2002 , Sheen 2002 . This model plant has 11 members of the histidine (His)-kinases family, in which AHK4 (also known as CRE1/WOL), together with its homologs (AHK2 and AHK3), acts as a cytokinin receptor (Inoue et al. 2001 , Ueguchi et al. 2001 . The downstream components of such cytokininmediated signal transduction pathways are a set of phosphoaccepting response regulators (ARRs) (Imamura et al. 1998 , and see the reviews cited above). They are basically classified into two distinct subtypes (type-A, 10 members; type-B, 11), and another atypical subtype (ARR22, MIPS protein code At3g04280), mainly, based on their structural designs . Among them, the type-B ARR family members serve as transcriptional regulators for certain target genes including the type-A ARR family genes. For example, Sakai et al. (2001) demonstrated in plants that ARR1 and ARR2 activate the ARR6 gene in a cytokinindependent manner, and Hwang and Sheen (2001) demonstrated in protoplasts that ARR1, ARR2, and ARR10 activate the transcription of certain Type-A ARR family genes in an AHK4-dependent manner in response to cytokinin. Nevertheless, when considering the fact that A. thaliana has 11 members of the His-kinases family and 11 members of the type-B ARR family, a critical question arose as to which His-kinase functions in concert with which ARR. Other questions are where, when, and how they play their biological roles in plants. To solve these problems, here we focused on the type-B ARR family of transcriptional regulators, and we provided new and comprehensive insight into the His®Asp phosphorelay signal transduction in A. thaliana.
Results

Type-B ARR family members
The type-B ARR family members share a common structural design, as schematically shown (Fig. 1A) . Each contains both the phospho-accepting receiver and GARP DNA-binding domains. Most likely, these type-B family members serve as DNA-binding transcriptional regulators (Hosoda et al. 2002) . The type-B ARR family consists of ARR1 (MIPS protein code, At3g16855/At3g16857), ARR2 (At4g16110), ARR10 (At4g31920), ARR11 (At1g67710), ARR12 (At2g25180), ARR13 (At2g27070), ARR14 (At2g01760), ARR18 (At5g58080), ARR19 (At1g49190), ARR20 (At3g62670), and ARR21 (At5g07210). A non-rooted neighbor-joining phylogenetic tree, constructed previously with the about 120 amino acid sequences of their receiver domains (Imamura et al. 2003) , revealed that the type-B ARR family members belong to three distinctive sub-families (Fig. 1B) . The largest family contains ARR1, ARR2, ARR10, and ARR11, which have previously been subjected to extensive examinations (Hwang and Sheen 2001 , Imamura et al. 2001 , Imamura et al. 2003 , Lohrmann et al. 1999 , Lohrmann et al. 2001 , Sakai et al. 2000 , Sakai et al. 2001 , and have been implicated in the cytokinin-dependent and His-kinase-mediated signal transduction. The result of phylogenetic analyses revealed that all of these cytokininassociated ARRs belong to the same largest sub-family (Fig.  1B) . However, it was also revealed that four other uncharacterized members (ARR13, ARR19, ARR20, and ARR21) are considerably divergent from those characterized previously. ARR13 and ARR21 are very similar to each other, whereas ARR19 and ARR20 are relatively more similar to each other (Fig. 1B) . It is thus of interest to examine whether or not ARR13, ARR19, ARR20, and ARR21 are also implicated in cytokinin signal transduction. To address these issues more comprehensively, as the first step, here we isolated cDNA clones for all of the type-B ARR family genes, except for ARR13. Their promoter sequences, including that of ARR13, were also cloned (each about 1.5-kb sequence upstream of the inferred initiation codon). These genomic DNA clones were employed for further experiments, in which they were used to construct a series of transgenic plants, each carrying an ARRpromoter::GUS (b-glucuronidase) transgene.
An overview of the expression profiles of the type-B ARR family genes
To gain an overview of the expression profiles of the type-B ARR family genes in plants, we adopted semiquantitative and reverse transcriptase-based polymerase chain reaction (RT-PCR) with a set of RNA samples prepared from various tissues and/or organs, including dark grown young seedlings (3-day-old), light grown young seedlings (3-day-old), whole plants (10-day-old), roots, leaves, stems, flowers, and siliques, respectively (Fig. 2, upper panels) . The results showed that the transcripts of the ARR genes, belonging to the largest family (e.g. ARR1 and ARR11), were detected in almost every sample tested, more or less. The exception is ARR18, the transcript of which was detected predominantly in flowers. By contrast, the transcripts of other genes, belonging to the minor subfamilies (e.g. ARR20 and ARR21), were mainly detected in reproductive organs such as flowers and siliques, but they were hardly detected in vegetative organs. The transcript of ARR13 was hardly detected in any RNA sources tested (data not shown), although the corresponding genomic DNA could be isolated (see below).
To gain further insight into such expression profiles of the type-B ARR family genes in plants, we constructed a series of transgenic lines, each carrying an ARR-promoter::GUS transgene, with all of the type-B ARR family genes. We isolated several independent transgenic lines for each construct. These transgenic lines (designated as ARR1::GUS, ARR2::GUS, etc.) were subjected to histochemical analyses by monitoring GUS activities in the transgenic plants. With each of these transgenic lines, 6-day-old young seedlings were histochemically characterized (each representative result is shown in Fig. 2 , lower panels). It may be first noted that the results were highly Fig. 1 A. thaliana has 11 response regulators in the type-B ARR family. (A) A schematic representation of the common structural design of the type-B ARR family proteins. Each of these ARRs contains the two common and characteristic domains, namely, "receiver domain" and "GARP motif", respectively. The receiver domain is implicated in phosphorylation, and most likely, it plays a regulatory role, whereas the GARP motif serves as a specific DNA-binding domain. (B) A non-rooted neighbor-joining phylogenetic tree was constructed with regard to the about 120 amino acid sequences of the phospho-accepting receiver domains. Among these type-B ARR family members, ARR1 and ARR11 have been well characterized, and it was suggested that these are implicated in the cytokinin-responsive and His-kinase (AHK)-mediated phosphorelay signal transduction. Among these ARRs, ARR20, and ARR21 (denoted by boxes) were selectively characterized in this study, based on the fact that they belong to each distinctive minor sub-families. ARR14 belonging to the largest sub-family was also selected as a new reference. consistent with those obtained from the RT-PCR analyses (upper panels). However, the results of the histochemical GUS analyses provided us with more specific information about the expression profiles of the type-B ARR family genes. In the ARR1::GUS and ARR2::GUS transgenic lines, GUS activities were detected ubiquitously both in roots and apical parts, particularly, in their vascular tissues. Similar GUS profiles were seen in the ARR14::GUS transgenic line, but no GUS activity was detected in roots. The results of the GUS analyses revealed an intriguing difference between the spatial expression profiles of ARR10, ARR11, and ARR12, while the results of the RT-PCR analyses showed the expression profiles similar to each other. Among these, the result of ARR10::GUS was intriguing in the sense that the meristematic regions seemed to be stained exclusively, including shoot apical meristems, root meristems, and lateral root meristems. The GUS activities were predominantly detected in hypocotyls in ARR11::GUS, whereas the GUS activities in ARR12::GUS were detected in vascular tissues in leaves, but not in roots. Consistent with the results of the RT-PCR analyses, no GUS activity was evident in the young seedlings of ARR13::GUS, ARR18::GUS, ARR19::GUS, ARR20:: GUS and ARR21::GUS, as shown for ARR20::GUS and ARR21:: GUS in Fig. 2 (lowermost panels) . At present, we did not characterize these transgenic lines any further; however, these ARRpromoter::GUS transgenic lines should be useful in future studies. Meanwhile, in this study we characterized the ARR14:: GUS, ARR20::GUS, and ARR21::GUS transgenic lines in more detail with special reference to their expressions in reproductive organs, as described below. The expression profiles of these GUS constructs, including ARR18::GUS, ARR19::GUS, in reproductive organs and seeds (or embryos) remain to be clarified.
In summary, the expression profiles of the type-B ARR family genes in plants were not necessarily the same, as com- , and siliques containing seeds (from 50-dayold plants). With this set of RNA samples (lane numbers 1 to 8 correspond to whole seedlings in the dark to siliques, respectively, see above), semi-quantitative RT-PCR analyses were carried out with appropriate sets of primers, each of which is specific to each ARR transcript indicated. The transcript of the a-tubulin gene was also detected as an internal reference. It should be noted the amplification cycles of PCR used were varied in each RNA sample and furthermore, several different cycles were adopted for a given RNA sample (from 25 cycles up to 60 cycles), in order to amplify dsDNA from RNA in a semi-quantitative manner. After optimizing the PCR cycle in each case, the most quantitative results are presented here: ARR1 (28 cycles), ARR2 (33 cycles), ARR10 (33 cycles), ARR11 (33 cycles), ARR12 (28 cycles), ARR14 (33 cycles), ARR18 (43 cycles), ARR19 (53 cycles), ARR20 (38 cycles), ARR21 (38 cycles). (Lower panels) Transgenic lines were constructed, each of which carries each corresponding ARR-promoter::GUS transgene indicated. Young seedlings (6-dayold) of these transgenic lines were histochemically analyzed with regard to GUS activities, and each representative of such GUS stained samples were photographed. Blue arrows indicated the notably detected GUS activities in each sample. For the ARR10-promoter:: GUS sample, the GUS stained root tip is also presented as an enlarged inset. The young seedlings of the ARR13-promoter::GUS, ARR18-promoter::GUS, and ARR19-promoter::GUS transgenic lines were also analyzed, but GUS activities were not detected (data not shown), as in the case of ARR20-promoter::GUS and ARR21-promoter::GUS (the most lower panels). pared with each other, in the sense that some of them are expressed more or less ubiquitously, while others are expressed predominantly in reproductive organs. Nevertheless, to address this issue further, more intensive analyses (e.g. in situ hybridization) remain to be carried out.
ARR14, ARR20, and ARR21 were selected for further examinations
The above results indicated that the type-B ARR family members are not necessarily redundant in their structural features (Fig. 1B) , or their expression profiles in plants (Fig. 2) . We thus selected three representative members to further study the cellular functions of these DNA-binding transcription factors: ARR14, ARR20, and ARR21 (Fig. 3A ). ARR20 and ARR21 belong to different minor sub-families, respectively, and are distinctive from genes characterized previously (i.e. ARR1 and ARR11). ARR14 is a new reference belonging to the largest family. Unlike ARR14, ARR20 and ARR21 were suggested to be expressed predominantly in reproductive organs (Fig. 2) , and might play as yet unexpected functions in plants.
ARR20 and ARR21 are expressed predominantly in reproductive organs
The established ARR20::GUS and ARR21::GUS transgenic lines were examined in more detail, in comparison with The schematic structures of ARR14, ARR20, and ARR21 are compared. In this study, a set of transgenic plants was constructed, as described in the text, each of which was designed so as to aberrantly express the C-terminal portion of each protein (termed as ARR-C), as schematically indicated. (B) The ARR14-promoter::GUS, ARR20-promoter::GUS, and ARR21-promoter::GUS transgenic plants were grown until they set flowers and siliques. They were then subjected to histoschemical GUS assays. In each sample, blue arrows indicate the markedly stained regions, as compared with the control result (WT, wild type, Col). For the ARR14-promoter::GUS sample, it should be note that the heavily stained carpels were cut into half, in order to inspect seeds. The resulting ARR14-C-ox plant (line 1) was further grown until it had set flowers (40-dayold), and the picture was taken, together with the wild-type plant. It should be noted that the anomalous phenotype was observed for the majority (>60%) of hygromycin-resistant ARR14-C-ox T3 plants in all of the independent ARR14-C-ox transgenic line tested (five lines). Form these putative transgenic plants (14-day-old), RNA samples were prepared (from leaves). The samples were analyzed by semi-quantitative RT-PCR with regard to the transcript of ARR14 (the uppermost panel).
ARR14::GUS. Since it was suggested that both ARR20 and ARR21 are expressed predominantly in reproductive organs (Fig. 2) , the transgenic plants were grown until they set flowers and siliques. They were then subjected to histochemical analyses (Fig. 3B) . In both the ARR20::GUS and ARR21::GUS transgenic lines, certain regions of flowers and siliques were stained. In ARR20::GUS, GUS activities were clearly seen around the junction of sepals and pedicels of fully developed flowers, and GUS activities were also evident in the same area of resulting siliques. In ARR21::GUS also, the junction of pedicels and sepals/carpels in both flowers and siliques were stained, respectively. Immature seeds in siliques were also stained in ARR21::GUS. By contrast, more extensive and ubiquitous GUS activities were detected in the flowers of ARR14:: GUS, including petals, stigmas, and styles. In the siliques, carpels, and funicles were also markedly stained. These results showed that both ARR20 and ARR21 were expressed predominantly in reproductive organs
Construction of transgenic plants aberrantly expressing a constitutive active form of each ARR transcriptional regulator
With the ARR14, ARR20, and ARR21 genes, we then attempted to construct transgenic plants, in which each Cterminal DNA-binding domain lacking its N-terminal receiver domain was aberrantly expressed (a truncated form of ARR was designated ARR-C, see Fig. 3A ). This approach was based on the following assumption. Provided that the DNA-binding domain alone was specifically expressed in each transgenic line, the truncated form of transcriptional regulator could function independently of the His®Asp phosphorelay. This event would result in a dominant effect on the intrinsic His®Asp phosphorelay pathway in plants. It was thus expected that the resulting transgenic line would display a clear phenotype, which in turn might indicate the cellular function of a given ARR transcriptional regulator in question, as reported previously with ARR1 and ARR11 (Sakai et al. 2001 , Imamura et al. 2003 . In these previous studies, the transgenic plants, each overexpressing ARR1-C and ARR11-C, exhibited intriguing phenotypes, which are clearly indicative of cytokinin-responses. Here we isolated other transgenic lines, each carrying 35S-promoter::ARR14-C transgene, 35S-promoter::ARR20-C transgene, and 35S-promoter::ARR21-C transgene. In these transgenic plants, each appropriate portion of a given ARR coding sequence was designed so as to be under the control of the Cauliflower Mosaic Virus (CaMV) 35S promoter. The resulting transgenic lines were designated as ARR14-C-overexpressing plant (ARR14-C-ox), ARR20-C-ox, and ARR21-C-ox, respectively. The ARR14-C product corresponded to the region extending from Arg-139 to the C-terminal Arg-382, similarly, ARR20-C (Gly-163 to Asn-426), and ARR21-C (Ser-147 to Asn-621) (see Fig. 3A ).
ARR14-C-ox plants showed an anomaly at early vegetative developmental stages
The putative ARR14-C-ox transgenic lines (T2 seeds of five independent lines) were easily obtained, and they were germinated on MS agar-plates containing hygromycin. Wildtype (Columbia ecotype, Col) plants containing the hygromycin-resistant HPT transgene were used as an appropriate reference. The resulting hygromycin-resistant young seedlings of ARR14-C-ox were apparently normal, as far as their morphologies of apical parts and roots were concerned (data not shown). However, certain morphological alterations became apparent, after being grown for 17 d on MS agar-plates (Fig. 4 , panels b and c), as compared with the wild-type (Col) plant (panel a). The observed anomaly for ARR14-C-ox was the appearance of several leaf-like structures arising from the junction of cotyledons and leaf-petioles (see red arrows in Fig. 4 ). The leaf-like structure appears to be due to the outgrowth of adventitious shoots, because such shoots were never seen in the wild-type plants. The adventitious shooting was commonly observed for most of the hygromycin-resistant seedlings (>60%), and in all of the ARR14-C-ox transgenic lines tested (five independent lines). Then, RNA samples were prepared from these plants, and the transcript of ARR14-C was detected by means of semiquantitative RT-TCR, in order to confirm that they did contain a larger amount of the transcript of ARR14-C, as compared with the wild-type plants (Fig. 4, uppermost panel) . To further examine the fate of such ARR14-C-ox plants, we transferred them onto soil, and grew them until they set flowers (Fig. 4,  panel d ). The morphology of such a representative ARR14-Cox plant displayed bushy rosette leaves, as compared with the wild-type plant. Also, the apical dominance was far less evident in the transgenic plant. This is probably due to the dominant outgrowth of secondary inflorescences. Such ARR14-Cox transgenic plants eventually set flowers and seeds, and we harvested the resulting T3 seeds. When both the heterozygous and homozygous T3 plants were examined, essentially the same phenotypes as those observed for T2 plants were repeatedly observed. We thus concluded that the aberrant expression of ARR14-C caused an ectopic development of certain tissues, thereby resulting in the outgrowth of adventitious shoots. It may also be noteworthy that such phenotypes of ARR14-C-ox were similar to those previously seen in the ARR11-C-ox transgenic lines (Imamura et al. 2003) .
ARR20-C-ox plants showed an anomaly at late reproductive developmental stages
From the ARR20-C-ox transgenic lines, we selected 10 hygromycin-resistant T1 young seedlings on the selection plates. After being transferred onto soil, they grew well and normally. However, upon the onset of flowering, we noticed that these transgenic lines (8 out of 10 lines) set unusually small flowers. Such a representative line (named L1) was com-pared with the wild-type plant (Col) (Fig. 5, panels a, b, and c) . The same event was seen for other transgenic lines (as another example, see Fig. 5, panel d) . From such T1 plants (three independent lines, L1, L2, and L3), RNA samples were prepared to see if they contained a large amount of the transcript of ARR20-C, as compared with the wild-type plants. This was indeed the case (Fig. 5 , upper panels at the left hand side). In these putative ARR20-C-ox transgenic lines, a phenotypic anomaly was further evident upon their siliques had developed. They set very fewer siliques, which were thick and short club-like in structure, as compared with the wild-type plants (Fig. 5) . When the insides of such anomalous siliques were inspected, only a few seeds were detected in each. Thus, we were able to harvest a very small number of T2 seeds for each independent transgenic line. We sowed such T2 seeds (with five independent lines) on MS agar-plates containing hygromycin. The resulting young seedlings grew well after being transferred onto soil. However, they eventually displayed exactly the same phenotype as the T1 plants (data not shown). These resulting T2 plants also expressed a large amount of the transcript of ARR20-C. We thus concluded that the observed anomalies in flowers and siliques were indeed caused by an aberrant expression of ARR20-C in plants. It should be noted that ARR20-Cox has a quite different phenotype from that of ARR14-C-ox.
ARR21-C-ox plants showed an extremely anomalous developmental fate
From the ARR21-C-ox transgenic lines, on the first screening, we failed to obtain well-growing hygromycin-resistant T1 young seedlings on the selection plates, albeit with use of a large amount of T1 seeds (about 20,000). Thus, we repeated the same experiment more carefully using a larger number of T1 seeds (about 120,000). During this experiment (Experiment-I), we noticed that many hygromycin-resistant young seedlings (348 plants) tended to grow on the selection plates (Fig. 6A , panel b, see a representative 8-day-old seedling), but most of them exhibited severe growth defects after 2 weeks. Representative pictures of such sick transgenic plants were taken, and compared with those of the wild-type plants (Fig. 6A, panel a) . Most of them (298 plants) had developed several leaves (type-I and -II), but they had already started bleaching. The remaining (27 plants) had developed only callus-like cotyledons (type-III). In any event, the majority (86%) of putative ARR21-C-ox transgenic lines were classified into either type-I (174 plants) or type-II (124 plants) (as statistically summarized in Fig. 6B ). When we kept these putative ARR21-C-ox plants incubated on MS-agar plates, after 4-5 weeks, an extremely aberrant proliferation of hypocotyls (Fig. 6A, panel c) and/or roots (panel d) became apparent on most of the putative transgenic lines (>90%). Their hypocotyls and/or primary roots started exhibiting a callus-like morphology.
We repeated the transformation experiment for statistical analysis by using independently prepared T1 seeds (Experiment-II). Again, the results were the same as those obtained in Experiment-I, as summarized in Fig. 6B . We further repeated another independent Experiment-III (Fig. 6B) . At 35 d of this experiment, we prepared RNA from such sick plants (type-I and type-II) (several plants were mixed together to prepare The wild-type (Col) and putative ARR20-C-ox transgenic (T1) plants were grown on MS-based agar plates containing hygromycin for 15 d, and then they were transferred onto soil. In this experiment, 25 independent T1 plants of the putative ARR20-C-ox transgenic lines were examined. After they set flowers (45-day-old), and also after they set fully developed young siliques (60-day-old), the pictures were taken for some representative ARR20-C-ox plants. Such a 60-day-old ARR20-C-ox plant was compared with the wild-type plants. (Panel a) The ARR20-C-ox plant had set anomalous siliques, as compared with the wild type (see arrows). In the enlarged pictures, it is evident that the ARR20-C-ox transgenic plants set anomalously small flowers and club-like siliques (panel c, line 1; panel d, line 2), as compared with the wild-type (Col) plant (panel b). It should be noted that the same events were observed for the majority (>80%) of hygromycin-resistant T1 transgenic lines examined (25 lines). Form these putative transgenic plants (60-day-old) (lines 1, 2, and 3), RNA samples were prepared from a portion of leaves and stems. The samples were analyzed by semi-quantitative RT-PCR with regard to the transcript of ARR20 (upper panel at left hand side). each sample of RNA, they were thus labeled A, B, and C), as summarized in Fig. 6B . They were analyzed by RT-PCR and found to overexpress the transcript of ARR21-C (Fig. 6C) . We also examined the transcripts of AHK4, AHP5, and ARR1, as references. AHK4 encodes a cytokinin-receptor His-kinase, and AHP5 encodes a phosphotransfer factor, whereas ARR1 is another type-B response regulator (see Fig. 1 ). There were no differences in the relative amounts of their transcripts, between the wild-type and transgenic plants (Fig. 6C) . Taking all these results together, we concluded that ARR21-C-ox plants show an extremely anomalous fate at early developmental stages.
Alteration of certain cytokinin-responsive and auxin-responsive genes in ARR21-C-ox transgenic lines
The terminal phenotypes, observed for the ARR21-C-ox transgenic lines, are reminiscent of the so-called in vitro callus formation with explants. It has been well known that when Arabidopsis explants (i.e. detached segments of roots or hypocotyls) were placed on MS-plates containing appropriate concentrations of cytokinin (e.g. t-zeatin) and/or auxin (e.g. 2,4-dichlorophenoxyacetic acid, 2,4-D), the explants tend to develop a callus-like structure in vitro, from which root-like structures and/or green shoot-like structures emerge occasionally (Cary et al. 2002 , and references therein). -I) , putative ARR21-C-ox transgenic lines (348 independent T1 plants) were selected on MS agar-plates containing hygromycin, and then they were further grown. These putative ARR21-C-ox transgenic (T1) plants almost exclusively showed an extremely anomalous developmental fate. This was already apparent in 8-day-old plants (panel b), and also in 15-day-old plants (panel a, in which several representatives are shown, as compared with the wild-type, Col). In 35-day-old plants, callus-like proliferations of hypocotyls and/or roots became very evident (panels c and d). In panel d, it should be that the primary root (PR) was very thick, whereas the lateral root (LR) seemed to be normal. (B) In order to reproducibly confirm these events, observed for the putative ARR21-C-ox transgenic T1 plants, the same examinations were statistically repeated two more times (Exp.-II and Exp.-III), and essentially the same events as those observed in Exp.-I were confirmed to occur. In these experiments, a number of hygromycin-resistant (Hg R ) T1 plants were scored for their phenotypes (for Type-I, -II, and III, see panel a). The typing was somewhat arbitrary in the sense that they were based on the apparent severity of phenotypes (Type-I < Type-II < Type-III). In Exp.-III, RNA samples were prepared from the resulting 35-day-old plants (two plants were mixed for each RNA preparation), as schematically shown. Three independent RNA samples were prepared separately, and they were labeled A, B, and C, respectively. (C) With these RNA samples (A, B, and C), the transcripts of ARR21, AHK4, AHP5, and ARR1 were quantified by semi-quantitative RT-PCR, respectively, together with the transcript of a-tubulin gene as a reference. It should be noted that the amplification cycles of PCR used were varied for one RNA sample from another. Furthermore, several different cycles were adopted for a given RNA sample (from 25 cycles up to 60 cycles), in order to amplify dsDNA from RNA in a semi-quantitative manner. After optimizing the PCR cycle in each case, the most quantitative results are presented here: ARR21 (25 cycles), AHK4 (25 cycles), AHP5 (30 cycles), ARR1 (30 cycles), a-tubulin (28 cycles).
Thus, we examined the expression profiles in the ARR21-C-ox transgenic plants for certain genes implicated in cytokininsignaling and/or auxin-signaling. RNA samples were prepared from 15-day-old and 35-day-old T1 ARR21-C-ox transgenic lines (see Fig. 6 ). Furthermore, we isolated two independent RNA samples (labeled A and B) at each developmental stage. These RNA samples contained a large amount of the overexpressed transcript of ARR21-C, as compared with in the wildtype plants (Fig. 7) . We then examined the expression profiles of the type-A ARR family genes, which have been suggested to be the downstream targets of the cytokinin-mediated His®Asp phosphorelay signal transduction Sheen 2001, Sakai et al. 2001) , because their expression is exclusively induced by cytokinin (Bradstatter and Kieber 1998, Taniguchi et al. 1998) . We examined all of the type-A ARR family genes, ARR3 to ARR9, and ARR15 to ARR17 (Fig. 7) . Interestingly, the transcripts of ARR5, ARR15, ARR16, and ARR17 were preferentially upregulated at the 15-day-old stage, whereas those of ARR3, ARR6, and ARR9 were upregulated at a relatively later stage (35-day-old). The levels of the transcripts of ARR4, ARR7, and ARR8 in the transgenic plants were not significantly different from those in the wild-type plants. Thus, an aberrant expression of ARR21-C resulted in the enhanced expression of certain type-A ARR family genes, in each characteristic and differential manner. Recently, the IPT family genes have been cloned and characterized in A. thaliana. These IPT gene-products are the key enzymes (named adenylate isopentenyltransferases) involved in cytokinin biosynthesis , Kakimoto 2001 . One of the IPT family genes tested, IPT4, was upregulated in the transgenic plants (Fig. 7) , although the cytokinin responsiveness of this particular gene in plants has not yet been reported.
Auxin in balance with cytokinin is also a key hormone critical for maintaining root and/or shoot development from explants, as mentioned above. The well-known auxinresponsive genes are the Aux/IAA family genes, which consist of more than 30 members (Abel et al. 1995 , Reed 2001 . We examined the expression of some representatives of the Aux/ IAA family genes (IAA1 and IAA5) in the ARR21-C-ox transgenic lines. These IAA genes were also upregulated, as compared with the wild-type plants (Fig. 7, lower panels) . Whether or not other IPT and IAA family genes were also upregulated in the transgenic plants remains to be determined. In any case, not only the expression of certain cytokinin-responsive genes (ARRs and IPTs), but also the expression of certain auxinresponsive genes (IAAs) was altered (or upregulated) in the ARR21-C-ox transgenic lines. It is thus tempting to speculate that these events at the transcriptional level might be critically relevant to the terminal phenotypes of the ARR21-C-ox transgenic plants that vigorously develop the proliferated callus-like tissues.
Discussion
Recent extensive in vivo and in vitro studies on the type-B ARR family members have suggested that a type-B ARR member functions as a DNA-binding transcriptional regulator, whose activity is modulated by phosphorylation of its phosphoaccepting receiver domain through the His-kinase-mediated His®Asp phosphorelay. In such a phosphorelay signal transduction, an ARR acquires a phosphoryl group from an AHP phosphorelay intermediate. Sakai et al. (2001) and Hwang and Fig. 7 Upregulation of certain cytokinin-responsive and auxinresponsive genes in ARR21-C-ox transgenic plants. RNA samples were prepared, according to the procedures given in the legend to Fig.  6 . To do so, we have repeated fourth-transformation experiments, as also described in the legend to Fig. 6 . These independently isolated RNA samples (A and B) from the 15-day-old and 35-day-old ARR21-C-ox transgenic plants, respectively, were used to detect the following transcripts by semi-quantitative RT-PCR. The examined transcripts were those as indicated, which included 10 members of the type-A family genes, the IPT4 gene, and the IAA1 and IAA5 genes, together with the internal reference (a-tubulin gene). As described in the legend to Fig. 6 , after optimizing the PCR cycle in each case, the most quantitative results are presented here: ARR21 (25 cycles), ARR3 (28 cycles), ARR4 (28 cycles), ARR5 (28 cycles), ARR6 (28 cycles), ARR7 (28 cycles), ARR8 (35 cycles), ARR9 (28 cycles), ARR15 (28 cycles), ARR16 (28 cycles), ARR17 (35 cycles), IPT4 (43 cycles), IAA1 (28 cycles), IAA5 (28 cycles), a-tubulin (28 cycles). Sheen (2001) have addressed these issues more specifically with reference to the cytokinin-mediated signal transduction (see Introduction). Certain mutational lesions of the AHK4 (or CRE1/WOL) gene result in a developmental defect of root vascular tissues (Mahonen et al. 2000 , Inoue et al. 2001 . Recently, we further demonstrated that, among 10 members of the type-A ARR family, the cytokinin-induced expression of ARR15 and ARR16 in roots is selectively impaired in the cre1-1 mutant, which carries a mutation in the AHK4 gene (Kiba et al. 2002) . The results implied a link between these type-A response regulators and the AHK4-mediated cytokinin signal transduction in roots When considering the fact that A. thaliana has 11 His-kinases, 5 AHPs, 11 type-B ARRs, such an anonymous framework is obviously not enough to comprehensively understand the network of the phosphorelay signal transduction in plants. We must characterize each His®Asp phosphorelay component, one by one. Here we focused on the type-B ARR family members, consisting of 11 members (Fig. 1) , all of which are assumed to function as crucial transcriptional regulators in the His®Asp phosphorelay signal transduction network.
The expression profiles of the type-B ARR family genes were compared with each other in various organs and tissues in plants (Fig. 2) . The transcripts of the ARR genes, belonging to the major phylogenetic family, were detected in every organ tested, more or less. Among them, the most characteristic one is ARR10, the transcript of which is expressed exclusively in the meristematic regions. Others are less characteristic, but the vascular tissues are more predominantly stained by GUS activities in every case. The phylogenetic analysis revealed two other minor sub-families, to which ARR13/ARR21 and ARR19/ ARR20 belong, respectively (Fig. 1) . Their transcripts were expressed predominantly in reproductive organs such as flowers and siliques. These expression profiles of the type-B ARR family genes will provide us with a general basis for understanding each specific function of these ARR members.
The most straightforward approach to analyze the function of a given ARR member would be to characterize a lossof-function mutant in question. A T-DNA insertion mutant of the ARR1 gene (named arr1-1) was previously characterized, but it showed only a subtle phenotype in that the arr1-1 mutant plants were slightly resistant to the inhibitory effect of cytokinin on root elongation, and also slightly less sensitive to cytokinin in a green callus formation assay with explants (Sakai et al. 2001) . Such a subtle phenotype of arr1-1 can be explained by assuming that other type-B ARR member(s) play a similar (or redundant) function in a given cytokinin signaling pathway, since pronounced redundancy in the Arabidopsis genome is common (Arabidopsis Genome Initiative 2000) . Combinatorial genetic analyses of the type-B ARR members is required to complement the characterization of each single insertion mutant that may or may not display any overt phenotype. Meanwhile, other genetic studies have been reported, in which a constitutive active form of a given ARR member was aberrantly expressed by constructing a transgenic line. Sakai et al. (2001) characterized a transgenic line overexpressing ARR1-C (ARR1-C-ox), whereas Imamura et al. (2003) constructed another transgenic line, named ARR11-C-ox. Both transgenic plants showed intriguing phenotypes during relatively early developmental stages of young seedlings. The ARR1-C-ox and ARR11-C-ox transgenic lines had similar phenotypes, i.e. "unusual proliferation of tissues in cotyledons" and "outgrowth of adventitious shoots near cotyledons". These results have been explained by assuming that both ARR1 and ARR11 are involved in response to cytokinin. To extend this viewpoint further, we here constructed and characterized three types of transgenic lines (ARR14-C-ox, ARR20-C-ox, and ARR21-C-ox). Although these approaches may be somewhat artificial, the functions of type-B ARR family members in plants were further revealed in this study, as discussed below.
The phenotype of the ARR14-C-ox transgenic line was considerably similar to that previously observed for the ARR11-C-ox transgenic line (Fig. 4) . Thus, ARR14 might also act in the cytokinin-mediated His®Asp phosphorelay. The ARR20-C-ox transgenic line has a specific phenotype (Fig. 5) , which was different from those of ARR1-C-ox, ARR11-C-ox, or ARR14-C-ox. The phenotypic anomaly of the ARR20-C-ox transgenic line became apparent only at a very late reproductive developmental stage: then, the transgenic plants failed to set normal siliques (making nearly sterile). Whether or not this event resulted from a perturbation of a cytokinin-mediated signal transduction in flowers and siliques of ARR20-C-ox is unknown. In any event, the results of ARR20-C-ox supported the view that an aberrant expression of a given type-B ARR member does not necessarily result in the same consequence. Indeed, the ARR21-C-ox transgenic line showed an even more peculiar phenotype, in which certain cells in hypocotyls and roots tended to proliferate vigorously, thereby forming calluslike structures at relatively early developmental stages of young seedlings (Fig. 6) . At the molecular level, it was found that certain genes (type-A ARR, IPT, and IAA) were dramatically upregulated in such callus-like structures (Fig. 7) . Therefore, it seems likely that cytokinin-mediated signaling or auxinmediated signaling (or both) were severely perturbed in the ARR21-C-ox transgenic lines. This suggested that ARR21 is also implicated in a plant hormone-mediated signaling pathway. To examine the expression profiles of the type-A ARR, IPT, and IAA genes in ARR14-ox and ARR20-ox, we need to prepare RNA samples more carefully from specific organs, where the phenotypic alterations are evident.
Each of the 11 His-kinases most likely acts as a sensor for a certain environmental stimulus. Among them, five members (ETR1, ETR2, ERS1, ERS2, and EIN4) act as ethylene recep-tors (Hua and Meyerowitz 1998) , whereas another three (AHK2, AHK3, and AHK4) are cytokinin receptors (Inoue et al. 2001 . Curiously, no evidence has been reported to support the idea that any type-B ARR family member acts as a downstream component of the ethylene receptors. In fact, ETR2, ERS2, and EIN4 might not be true His-kinases, because they lack some amino acid residues crucial for Hiskinases in general. Rather, the results of this study are compatible with the idea that most of the type-B ARR family members are somehow implicated in an AHK-dependent and cytokininresponsive signaling pathway(s). No stimulus has been identified for the remaining His-kinases (AtHK1, CKI1, and CK12), although AtHK1 was proposed to be an osmo-sensor (Urao et al. 1999) , and CKI1 appears to be a critical factor implicated in female gametophyte development (Pischke et al. 2002) . In this connection, our results suggested that ARR20 and ARR21, each belonging to a different minor sub-family, might play unique roles distinctive from those of the major sub-family ARR members (e.g. ARR1, ARR11, and ARR14). It is thus of interest to analyze the properties of the ARR20-C-ox and ARR21-C-ox transgenic lines with special reference to AtHK1, CKI1, and CKI2.
Materials and Methods
Arabidopsis and growth conditions
The Columbia ecotype of A. thaliana (L.) Heynh. was used in most experiments. Plants were grown with 16 h light/8 h dark fluorescent illumination at 22°C on soil, or agar plates containing MS salts and 2% sucrose, unless otherwise noted (Taniguchi et al. 1998) . If necessary, hygromycin (20-75 mg ml -1 ) was added to the agar plates.
Preparation of RNA Total RNA was isolated from appropriate organs of Arabidopsis plants by the phenol-sodium dodecyl sulfate (SDS) method (Taniguchi et al. 1998) . When RNA samples were used for RT-PCR amplification, they were prepared according to the method described by Carpenter and Simon (1998) , with slight modifications. The RNA samples were treated with Dnase I.
PCR and RT-PCR amplification
With appropriate pairs of primers, PCR was carried out to prepare DNA segments. The conditions were primarily 94°C for 1 min (denature), 55°C for 2 min (annealing), and 72°C for 3 min (elongation), 25 cycles (Thermal Cycler 480, Takara, Kyoto, Japan). A PCR kit was used according to the supplier's instructions (BcaBEST™ RNA PCR Kit, Takara, Kyoto, Japan). To perform semi-quantitative RT-PCR, the procedures were slightly modified, in which the conditions used were primarily 94°C for 15 s (denature), 60°C for 15 s (annealing), and 72°C for 90 s (elongation). It should also be noted that the cycles of PCR were varied for each RNA sample, and several different cycles were adopted for a given RNA sample (from 25 cycles up to 60 cycles), in order to amplify dsDNA in a semi-quantitative manner. In these semi-quantitative RT-PCR, the following primers were used: ARR1 (5¢-AGTTTCCCGCTGGCAAGTGCACC and 5¢-TCAAACCTGCTTAAGAAGTGCGC), ARR2 (5¢-CCGCAGCACCA-ACAGCACAACAAG and 5¢-TCAGACCTGGATATTATCGATGGAG) ARR10 (5¢-CCCAAACCTGGATACAAATCCGGC and 5¢-ATGGAG-TTTCTCGTATGCATGTTCCG), ARR11 (5¢-CTGCACCATCTCTCA-TGGAGGAGG and 5¢-CTGCACCATCTCTCATGGAGGAGG), ARR12 (5¢-GGACACCAGATCAATAAACGTTTGG and 5¢-TCACACCTGC-TTCATCGTGGAGTTG), ARR13 (5¢-GGAACTAGCCACTTCTCCT-ATGG and 5¢-CTAAACTTCTAAACCCGAAAACTTG), ARR14 (5¢-CGCAGAGTAATGACTCTGAGTCTACC and 5¢-ATATTGGTTACA-TAATTACTTTCC), ARR18 (5¢-AACAATCTGGGAGATTGTACTTC-TTTGG and 5¢-CTAAGGTGGAGGAAATGAATCAAAGCC) ARR19 (5¢-ACTAGAAGCAATGTGGCAAGTC and 5¢-CTAATTATAATTGT-AGCCATTG), ARR20 (5¢-CAGGAGCCTCAAGAAGATTTTGTCTGG and CGAAAATGTTGAATCCTGCAGGTGGG), ARR21 (5¢-ACATA-TAACCCTCAGCCACCTGCC and 5¢-TCAATTCATGTCATTGTTG-AACAGAG). Furthermore, RNA samples from ARR21-C-ox were similarly analyzed by semi-quantitative RT-PCR with using each specific primer set: AHK4 (5¢-ATGAGAAGAGATTTTGTGTATAAT-AAT and 5¢-AGATCTCGGCTTCTTCATCTTGA), AHP5 (5¢-ATGA-ACACCATCGTCGTTG and 5¢-CTAATTTATACCACTTGAGG), ARR3 (5¢-CCTGTTGTAATTATGTCGTCGG and 5¢-CAGCTTCCGTTTGT-TTCCTTCG), ARR4 (5¢-CGTCGGAGAATGTATTGACCA and 5¢-TTTCCGTTGGAAAGTTTAACGTC), ARR5 (5¢-TTCTTCATATGG-CTGAGGTTTTGCGTCCC and 5¢-AAACTGGATCCTTTGCGCGT-TTTAGCTGCG), ARR6 (5¢-GTTCTAGAATGGCTGAAGTTATGCT-ACCG and 5¢-TTGCGGCCGCGAGCTCAGATCTTTGCGCG), ARR7 (5¢-GTTCTAGAATGGCGGTTGGTGAGGTCATGAGG and TCGC-GGCCGCTATACATATAATTCAAAGTAGAG), ARR8 (5¢-TGTCAT-CTGAGAACGTTCCTG and 5¢-TCTATGGCAACTGGTTTCTCAC), ARR9 (5¢-GTTATCATGTCCTCAGAGAACG and 5¢-TGAAGTTGT-CTCAATCTCCTCC), ARR15 (5¢-CCGTCGACCTATGGCTCTCAG-AGATTTATC and 5¢-CCGTCGACTTAACCCCTAGACTCTAATTTG), ARR16 (5¢-CCGTCGACCTATGAACAGTTCAGGAGG and 5¢-GG-GTCGACTTAGCTTCTGCAGTTCATGAG), ARR17 (5¢-CCGTCGA-CCTATGAATAAGGGCTGTGGAAGTGGAAG and 5¢-GGGTCGA-CTCAGCTTCTGCAATTTAAAAG), IPT4 (5¢-AAAATGAAGTGTA-ATGACAAAATGGTTGTG and 5¢-GTCCAAACTAGTTAAGACTT-AAAAATC), IAA1 (5¢-ATGGAAGTCACCAATGGGC and 5¢-AGT-AGGAGCTTCGGATCC), IAA5 (5¢-AATCACCGAACTACGGC and 5¢-CAAGGAACATCTCCAGC).
Expression analyses with GUS activities
For all of the type B family of genes, each of their promoter sequences was cloned (about 1.5-kb region upstream of the inferred initiation codon of each ARR gene). Their sequences have been confirmed by nucleotide sequencing, and then each DNA segment was appropriately fused to the GUS gene on a conventional GUS expression vector for plants. These resulting constructs were each transformed into Agrobacterium tumefaciens C58C1Rif, and then wild-type Arabidopsis plants (Col) were transformed by vacuum infiltration procedures (Bechtold et al. 1993) . To clone these promoter sequences, the following primer sets were used: ARR1 (5¢GCACCAAAAAAGGCA-TCGAG and 5¢-GTGACTCGGATTCATCATACCAC), ARR2 (5¢-GG-CCAATGCCTTAGGAAAATGCAC and 5¢-GTGACCCGGATTTAC-CATCTCTC), ARR10 (5¢-AGAAAAGGAGAGGCACGG and 5¢-GA-CTTCAATTTCTTGCTCC), ARR11 (5¢-TTGTCAAGTCTCTACGG-GCCACG and 5¢-GACGGGAGAGAAGCCGCTTTTCTCC), ARR12 (5¢-TACTGGATATCAGATAGATGTGG and 5¢-CATCGTTTTTCAA-CAGACCC), ARR13 (5¢-GATTATTTGATGACTACAAATTCCACT-GTC and 5¢-TTTGGTTGTAGACAGATTGAGCAAAAGTT), ARR14 (5¢-AGAAGTAGCAGCAATGGAGAAAGAGG and 5¢-CCCACTAG-GAAACTGATCGTTGATCGG), ARR18 (5¢-AATGTGAGGTTGGA-TGATCCGC and 5¢-GTCATGCCTTCCATCTTCAGTGC), ARR19 (5¢-GCTAGATACTATGCGAAGTGC and 5¢-GCTTCATATCCACTT-ATCTTTCCCACC), ARR20 (5¢-TTTGGAGAAGCTGACGGAACA-TACCTGT and 5¢-GTTGCGAGAGTTCTCATCGAGTATGTTCG), ARR21 (5¢-AATGGTCTTCGCAATTTCAATCCCTTGG and 5¢-GCT-
